The Marble gallwasp Andricus kollari has a native range divided into two geographically separated lifecycles. In Eastern Europe and Turkey, the lifecycle involves a sexual generation on Turkey oak, Quercus cerris , while in Iberia and North Africa the sexual generation host is cork oak, Q. suber . Over the last 500 years, A. kollari has expanded its range into northern Europe, following human planting of Q. cerris from Italy and the Balkans. The transition from one race to another in south-west France is marked by abrupt transitions in the frequency of refuge-specific private alleles and corresponds closely to the northern limit of the distribution of cork oak. Although hybrids were detected in north-west France, none were detected where the two lifecycles meet in south-western France. The biology of oak gallwasps predicts that any hybrid zone will be narrow, and limited to regions where Q. cerris and Q. suber meet. Our data suggest that eastern and western A. kollari are effectively separate species.
Introduction
Patterns of genetic diversity in many European plants and animals are dominated by histories of postglacial range expansion. During the last glacial, from 115 000 to ≈ 15 000 years ago, many terrestrial organisms were confined to refuges in southern Europe (Huntley 1990; Hewitt 1996) .
For many animals and plants, ice age refuges in southern Iberia, Italy, the Balkans and Turkey remain centres of genetic diversity (reviewed by Hewitt 1996 Hewitt , 1999 . Refugial populations of many organisms were separated for long enough for refuge-specific alleles and haplotypes to evolve (reviewed by Hewitt 1996 Hewitt , 1999 . Screening of such polymorphism in postglacial populations allows assessment of the genetic contribution of particular refuges to northward migration following retreat of the ice sheets. Northern European populations of some species show genetic input from several refuges, while in others, large areas are dominated genetically by migrants from a single refuge (reviewed by Taberlet et al . 1998; Hewitt 1999) . Differential genetic contributions from alternative refuges can sometimes be explained by physical features that restrict gene flow, such as the orientation of watersheds for aquatic organisms (Bernatchez & Wilson 1998) . In other cases, biotic interactions may be important. For parasites or predators, escape from refuges can only follow range expansion by specific hosts or prey. Where hosts and parasites exist together in subdivided refuge populations, genetic divergence in host populations may lead to associated genetic divergence in parasite populations, the evolution of host-specific ecotypes, and ultimately speciation. If alternative parasite gene pools are available to contribute to northwards range expansion, which one succeeds may then be determined by which refuge or refuges contribute genotypes to the expanding host population.
Most analyses of postglacial range expansion concern events that occurred thousands of years ago, and it is rarely possible to track differential contributions from available refuges as they happen. In these cases, patterns generated by the range expansion process may have been modified by subsequent mutation, drift and selection. This study minimizes the impact of such modification by analysing an example of recent range expansion over a far shorter timescale. The Marble Gallwasp Andricus kollari (Hartig, 1843) (Hymenoptera: Cynipidae, Cynipini) is an obligate parasite of oak trees, and native to southern Europe, where it has two discrete lifecycles (described below). This species has invaded northern Europe over the last 500 years following human introduction of an oak host, Turkey oak ( Quercus cerris ). We examine the relationship between the two lifecycle types, and ask which has contributed more colonists to the invasion of northern Europe, and why.
Geographic variation in the lifecycle of A. kollari
As for many oak gallwasps, the lifecycle of A. kollari involves obligate cyclical parthenogenesis between a sexual generation in the spring, and a parthenogenetic generation in the summer/autumn (Askew 1984) . In most oak cynipids, the galls of the two generations develop on the same oak host. A. kollari belongs to a group of gallwasps, found only in the genera Andricus and Callirhytis , whose lifecycles involve host alternation (or heteroecy; Folliot 1964) , in which the sexual and parthenogenetic generations develop on different oak taxa (Nieves-Aldrey 1982 Stone & Sunnucks 1993; Cook et al . 1998) . The natural distributions of such gallwasps are restricted to regions in which both host oak taxa occur.
A. kollari has a natural distribution divided geographically into two lifecycle types. From Italy east through the Balkans and Turkey the sexual generation develops in tiny bud galls (originally known as A. circulans Mayr, 1870) on Turkey oak ( Q. cerris ). The parthenogenetic generation develops in larger 'marble galls' on oaks in the section Quercus ( Q. robur, Q. petraea, Q. pubescens , and others) (Beijerinck 1902; Marsden-Jones 1953; Folliot 1964) . The natural distribution of this lifecycle in Europe is restricted to the area south and east of the Alps where Q. cerris and suitable oaks in the section Quercus naturally occur together (Fig. 1) .
A. kollari is also found in Spain, Portugal and north-western Africa (Houard 1912; Nieves-Aldrey 1987; Ros-Farré & Pujade 1998) . As in the eastern part of its range, the parthenogenetic generation develops in marble galls on oaks in the section Quercus. There is no Q. cerris in Iberia, and the sexual generation host is cork oak Q. suber . This oak is closely related to Q. cerris (Manos et al . 1999 ) and occurs throughout the western distribution of A. kollari (Fig. 1) . The sexual generation of A. kollari in Spain has only been recently identified by careful rearing experiments (PujadeVillar 1991 (PujadeVillar , 1992 J. Pujade-Villar & R. Folliot, personal communication) , and here we use analytical methods applied to other cyclical parthenogens (Sunnucks et al . 1997; Simon et al . 1999; Gómez & Carvalho 2000) to confirm the presence of sex across our sampled western distribution sites.
Human planting of Q. cerris and gallwasp range expansion
Over the last 500 years, Q. cerris has been planted extensively north of its native range (Fig. 1) , precipitating rapid colonization of northern Europe by four host-alternating Andricus species (Docters van Leuwen 1959; Hails & Crawley 1991; Stone & Sunnucks 1993; Stone et al. 1995; Schönrogge et al . 1998) . Three of these species -A. ambiguus (formerly identified as A. corruptrix ) , A. lignicola and A. quercuscalicis -have natural distributions restricted to the native range of Q. cerris (Fig. 1) , and had a single eastern origin for range expansion into Europe. The fourth species is A. kollari , which differs from the other three in that either or both of eastern and western lifecycles could have contributed to northwards range expansion.
The ability of eastern and western lifecycles of A. kollari to contribute migrants to range expansion will depend on the ability of each generation in the lifecycle to locate and to induce galls on available oak hosts. The sexual generation must lay eggs, and the asexual generation induce galls, on available oaks in the section Quercus ( Q. petraea , Q. pubescens, Q. pyrenaica and Q. robur ). Extensive surveys of chloroplast DNA (cpDNA) (Ferris et al . 1993 (Ferris et al . , 1995 DumolinLapègue et al . 1997; Petit et al . 1997) show section Quercus species across northern continental Europe to contain haplotypes derived from both Iberian and central European refuges, suggesting that both eastern and western lifecycles of A. kollari should encounter suitable host genotypes. Evidence from other range expanding Andricus also suggests that the refugial origin of section Quercus oaks has little impact on their susceptibility as hosts; gallwasps originating in the Balkans are able to exploit native British oaks, even though these are derived from the Iberian refuge (Stone & Sunnucks 1993; Dumolin-Lapègue et al . 1997; Csóka et al . 1998) .
The asexual generation must lay eggs, and the sexual generation induce galls, on Q. cerris or Q. suber . Because cork oak is not found naturally north of south-western France (Fig. 1) , and is extremely rare as an introduced tree outside its native range, Q. cerris is effectively the only available sexual generation host in northern Europe. Colonization from the eastern native distribution would be by immigrants for which the introduced Turkey oak is the natural sexual generation host. In contrast, range expansion from Iberia would necessitate a host shift from Q. suber to Q. cerris .
We address the following questions arising from the divided distribution of A. kollari and its colonization of northern Europe.
1 What is the genetic relationship between eastern and western lifecycles? Do they represent lineages independently derived from a larger ancient distribution, or has one been founded recently from the other? If so, can we infer which distribution (and which lifecycle) is ancestral, and how long the parts of the native range of A. kollari have been divided? If the two populations represent long-separated refugia, we expect refuge-specific genetic differences to have evolved. If one refuge has been recently colonized from the other, genetic variation in the recently colonized region is predicted to be a subset of that found in the source (Nei et al . 1975; Nichols & Hewitt 1994 ). This pattern is seen clearly in comparisons between native and invaded ranges for another invading oak gallwasp (Stone & Sunnucks 1993; Sunnucks & Stone 1996) . 2 To what extent have eastern and western native ranges contributed migrants to northwards range expansion following human dispersal of Q. cerris ? 3 Is there any evidence for gene flow between the two lifecycle types? Is there a hybrid zone where the two lifecycles meet?
We answer these questions through analyses of allele frequency data for 13 polymorphic allozyme loci for 46 populations (1457 individuals) distributed through Spain, France, Holland, Germany, Italy, Hungary and Turkey, and Fig. 1 The natural distributions of Quercus cerris and Q. suber, and the introduced distribution of Q. cerris. Suitable section Quercus oaks are found throughout the distributions of both these oak species. The natural distribution of the eastern lifecycle of Andricus kollari corresponds to the native range of Q. cerris. The lifecycle involving Q. suber is known to occur in Spain, but it is not known if this host is also used in Italy. Oak distributions in Europe are based on maps in Jalas & Suominen (1987) and Toumi & Lumaret (1998) , and in Turkey on maps in Yaltirik (1984) . Q. suber is probably planted in some of the unshaded areas in Iberia, but we know of no published study of its introduced distribution.
of sequence data from a subset of 27 individuals for a 433 bp fragment of the mitochondrial cytochrome b gene.
Materials and methods

Sampling sites and sample preparation
Sampling sites are shown in Fig. 2 , and the number of individuals screened for allozymes for each population is shown in Appendix I (because of its large size, the dataset is available from the Molecular Ecology website, URL http://www.blackwell-science.com/products/journals/ suppmat/mec/mec1211/mec1211sm.htm). The western distribution is represented by 284 individuals from eight sites in Spain, while eastern populations are represented by 447 individuals from 12 sites in Hungary, 80 individuals from two sites in Italy and 42 individuals from one site in Turkey. Populations north of putative refuges are represented by 539 individuals from 18 sites in France, and 68 individuals from four sites in Germany and Holland. Sequence data were generated for 27 of the individuals screened for allozymes. Twelve were selected from the eastern and western native distributions -three from Hungary (Gödöllõ), three from Italy (two from Ruffeno, one from Greve), two from Turkey (Antalya) and four from Spain (two from Potes, one from Salamanca and one from Quintanilla). The remaining 15 individuals were from French populations, selected to traverse the apparent genetic divide in France (see below). Ten individuals were drawn from sites north of Bordeaux (two from St. Malo, two from Mortain, five from Forêt de Crécy, one from Nantes) and five individuals from south of Bordeaux (two from Amoux, two from Mugron, one from Bayonne).
All populations were sampled through rearing of parthenogenetic females (body mass 10-15 mg) from marble galls. Individual wasps were stored at -80 ° C until required, homogenized in extraction buffer (Peakall & Beattie 1991) , and screened immediately as described below. Samples were subsequently stored at -80 ° C and used for DNA extraction.
Allozyme screening
An initial screening of commonly used allozyme systems was carried out using cellulose acetate electrophoresis (Zip-zone, Helena Laboratories) on three buffer systems across a range of pH, as described by Stone & Sunnucks (1993) . The buffers were 40 m m sodium phosphate (pH 6.3; Stone & Sunnucks 1993) , 0.1 m Tris-EDTA-maleate-MgCl 2 pH 7.6 (Richardson et al . 1986 ; buffer F), and 25 m m Tris-Glycine pH 8.5 (Richardson et al . 1986 ; buffer I). Substrate staining was carried out using protocols described by Richardson et al . 1986 . The following 13 polymorphic loci were screened for all individuals, grouped by the running buffer used: AK, α GPD1 and α GPD2, PEP-b (sodium phosphate pH 6.3); GOT-s, GOT-m, GPI, MDH-s, MDH-m, ME, 6PGD (Tris-EDTA-maleate-MgCl 2 pH 7.6); HK and PGM (Tris-Glycine pH 8.5).
Analyses of allele frequency data
Summary analyses of allele frequency data were carried out using genepop version 3.1 (Raymond & Rousset 1995) and genetix version 4.0 (Belkhir 1999) . The generality of a sexual generation in the lifecycle of spanish Andricus kollari was checked by analysing the extent of departure from Hardy-Weinberg (HW) and linkage equilibrium. Persistent asexual reproduction, whether apomictic or automictic, is predicted to result in substantial departure from HW equilibrium across all loci. Furthermore, apomixis results in complete linkage across all loci, and automixis commonly results in complete homozygosity (Suomalainen et al . 1987; Sunnucks et al . 1997; Simon et al . 1999; Gómez & Carvalho 2000) . Departures from HW equilibrium were tested using exact tests (Weir 1991) incorporated in genepop , with P values estimated using a Markov chain method (Guo & Thompson 1992) . Significance levels were adjusted for multiple tests using a Bonferroni correction (corrected threshold P value = 1 − (1 − α ) 1/k where k is the number of tests and α is the desired threshold value of 5%). Linkage disequilibrium was tested using the linkdos algorithm (Garnier-Géré & Dillman 1992) incorporated into genepop and genetix . Significance in the first case is assessed by Fisher's exact tests, and in the second by permutation. We apply these two approaches to minimize the impact on our conclusions of assuming a given underlying distribution of a test statistic. Again, significance levels for multiple tests were adjusted by applying a Bonferroni correction. fstat (Goudet 1995) was used to compute F -statistics using the method of Weir & Cockerham (1984) .
To assess the relationships between populations, and the dependence of such relationships on methods used, dendrograms linking populations were generated for two commonly used genetic distances -Nei's standard genetic distance and Cavalli-Sforza and Edward's chord distance. In the absence of a priori models, the two genetic distances were selected to represent different sets of assumptions concerning the underlying causes of genetic differentiation in A. kollari . Nei's unbiased genetic distance (Nei 1978 ) is formulated for an infinite isoalleles model of mutation, in which there is a rate of neutral mutation and each mutant is to a completely new allele. It is assumed that all loci have the same rate of neutral mutation, and that the genetic variability initially in the population is at mutation-drift equilibrium, with the effective population size of each population remaining constant. Cavalli-Sforza and Edward's chord distance assumes that there is no mutation, and that all gene frequency changes are by genetic drift alone (Cavalli-Sforza & Edwards 1967) . This measure does not assume that population sizes have remained constant and equal in all populations. We used three tree building algorithms -maximum parsimony (MP), neighbourjoining (NJ, Saitou & Nei 1987) and maximum likelihood (ML). MP analysis was carried out using the Wagner routine of biosys -1 version 1.2 (Swofford & Selander 1981) . NJ was carried out using the NJBP program ( Jean-Marie Cornuet, INRA Laboratoire de Modélization et Biologie Évolutive, Montpellier), and ML estimation was carried out using phylip (Felsenstein 1993) . For NJ trees, bootstrapping was carried out over both populations and loci, with 1000 bootstrap replicates. Because of the dramatic increase in computational complexity associated with ML estimation for a large number of populations, we used 100 bootstrap replicates for this method.
Cytochrome b sequencing and phylogenetic analysis
DNA was extracted from single adults using Proteinase K/ SDS digestion followed by salting out of protein and precipitation of DNA in ethanol. Each dried DNA pellet was then resuspended in 50 µ L of pure water. A 433 bp sequence of the cytochrome b gene was amplified using the primers CB1 (5 ′ -3 ′ TATGTACTACCATGAGGACAAATATC) and CB2 (5 ′ -3 ′ ATTACACCTCCTAATTTATTAGGAAT) ( Jermiin & Crozier 1994; in polymerase chain reaction (PCR) (35 cycles of denaturation at 92 ° C for 60 s, annealing at 50 ° C for 60 s, and extension at 72 °C for 120 s). PCR reactions had a total volume of 25 µL, with 1.0 µL DNA extract, 2.5 µL of PARR buffer (BIORAD), l µL 50 mm MgCl 2 (final concentration 2 mm), 0.5 µL 10 mm dNTP's, 0.35 µL of the primers CB1 and CB2 (each at 20 mm), 0.25 µL of Taq (Promega), and the balance made up with pure autoclaved water. All PCR and sequencing reactions were carried out on a PTC-200 DNA engine (MJ Research). The PCR product was gel-purified by electrophoresis through a 1% agarose gel stained with ethidium bromide. Gel fragments were excised from lanes showing a band at the correct size, and DNA extracted using the QIAquick gel extraction kit (QIAgen cat. 28704). Sequencing was direct from the purified PCR product. Mitochondrial genes are known to have nuclear pseudogene copies in insects (Sunnucks & Hales 1996; Zhang & Hewitt 1996; Bensasson et al. 2000) , and if sequencing from an apparent single band suggested multiple copies of the cyt b gene, specific DNA sequences from particular individuals were amplified by cloning. When necessary, 2 -4 µL of a PCR were used in standard ligation and transformation reactions using the TOPO TA cloning kit (Invitrogen cat. K4500-01). Plasmid DNA was purified using the QIAprep spin miniprep kit (QIAgen cat. 27104). Sequencing was carried out using Perkin-Elmer Big Dye Terminator chemistry and an ABI 377 sequencer.
Sequences were all 433 bp long, and were aligned using clustal-w . All sequences were found to possess the same reading frame, and contained no stop codons. Sequences for 27 individual A. kollari are deposited in GenBank, with acquisition numbers AF242739 -AF242762 and AF242764-AF242766. Phylogenies were generated by MP and ML using test version 4.0b3 of paup* (Swofford 1998). We do not present NJ analyses of the sequence data for two reasons. First, MP and ML have been demonstrated to recover more closely a single true topology in simulation studies (Huelsenbeck & Hillis 1993) . Second, ML methods allow the testing of specific models of substitution, and the identification of a model most appropriate to a given dataset (for a discussion of the impact of substitution models on phylogeny construction see Swofford et al. 1996 and Yang 1996) . We used the program Modeltest 3.0 (Posada & Crandall 1998) to identify the most appropriate substitution model for our data. The model supported both by ML ratio tests and on the basis of Akaike information criterion was the Hasegawa-Kishino-Yano (HKY) model, which allows unequal transition and transversion ratios and unequal base frequencies (Hasegawa et al. 1985) with corrections for among-site variation (HKY + G + I). The following parameters returned by Modeltest were used in paup*: Transition and transversion (Ti/Tv) ratio = 18.23. Base frequencies A = 0.3492, C = 0.1183, G = 0.1102, T = 0.4223. Proportion of invariable sites = 0.733. Changes are gamma distributed, with a shape parameter 0.5123. Trees were rooted by using sequence for two other members of the A. kollari species group -A. polycerus (GenBank accession number AJ228457) and A. conglomeratus (GenBank accession number AJ228568) -known to be close relatives in a sister-clade to the A. kollari species group based on an earlier sequence-based phylogenetic analysis of the genus ). All trees were generated using 100 random additions in a heuristic search, using the tree bisection-reconnection (TBR) algorithm of paup. Ten trees were held at each step, with positions weighted equally. For both tree-building methods, we generated 100% consensus trees and subjected them to bootstrap analysis using full heuristic searches for 100 replicates. With the exception of minor rearrangements of terminal taxa, the tree topologies recovered by MP and ML were identical, with significant bootstrap values for the same nodes. Genetic distances given are for the Kimura 2-parameter model, which allows comparison with a large number of existing studies. 
Results
Analyses based on allozyme allele frequency data
Relationships between the eastern and western native distributions. The 13 polymorphic loci possessed a total of 62 alleles over all 46 populations, with frequencies summarized for each population in Appendix I (URL http://www.blackwellscience.com/mec/). Hungary, Italy and Spain all possess regionally private alleles, and neither the eastern nor the western distributions is a simple genetic subset of the other. The only area not to have private alleles is Turkey, whose single sampled population contains a subset of the alleles found in Hungary. Four alleles were found only in Hungary (GOT-s allele 5, GPI allele 5, MDH-s allele 4 and PGM allele 5), one allele was found only in Italy (AK allele 5), and two alleles were found only in Spain (MDH-m allele 3 and AK allele 4). A further three alleles were found almost entirely in Spain, with only a single copy of each allele found in central and eastern European populations; αGPD1 allele 1 had a single copy in Sopron (north-west Hungary), αGPD1 allele 2 had a single copy in Gyula (south-east Hungary) and αGPD1 allele 3 had a single copy in Ruffeno (Appenines, Italy).
Several analytical methods suggest that Italian and Hungarian populations are far more similar to each other than either are to Spain or to Turkey. First, Hungarian and Italian sites share 17 alleles absent from Spain, while Spain and Italy share only one allele, αGPD1 allele 3, absent from Hungary (furthermore, as noted above only one copy of this allele is found in Italy). Second, F ST between pooled Italian and pooled Hungarian sites (0.002, nonsignificant by permutation testing) is far lower than that between either and Spain or Turkey (Fig. 3) . Third, a close relationship between Italy and Hungary, and their genetic divergence from Spain, is supported by analyses based on allele frequencies (Fig. 4) for all three tree-building methods and genetic distances used. Bootstrap support for the divide is more than 95% by ML or NJ, and for the latter the same result is obtained whether bootstrapped over loci or individuals.
Population genetic support for a sexual generation in western distribution Andricus kollari. All Spanish populations were in HW equilibrium, confirming the generality of a sexual generation in the A. kollari lifecycle. The small number of significant departures from HW equilibrium occurred elsewhere in the sampled range (Bordeaux for aGPD1, Bayonne for GOT-s, Fehergyarmat for GOT-m, and Mátrafüred, Agen, Forêt de Bercé and Mortain for PEP-b).
Significant linkage disequilibria, both across sets of populations (global tests) and for individual populations, are shown in Table 1 . Both eastern and western populations show some significant linkage, although for no pair of loci is linkage supported by both permutation and exact tests across all populations in a set. Some linkage relationships are supported for both Spanish and Hungarian sets of populations (those linking GOT-m with PEP-b, PGM and 6PGD, and PGM with 6PGD), while others are only supported for one set of populations (Table 1) .
Postglacial range expansion by A. kollari. Sites north of the glacial refuges for A. kollari cluster into two clear groups on the basis of allozyme allele frequency data (Fig. 5) , supported by bootstrapping for ML and NJ trees, and across both loci and individuals for NJ trees. Populations in the south-west of France (Bordeaux, Toulouse, Pau, Mugron, Amoux, Bayonne) cluster with Spain, while all other sites in northern Europe are more closely associated with Hungarian and Italian sites. The same result is shown by pairwise F ST calculations among groups of populations (Fig. 3) . All populations north of the Pyrenees and Alps, bar those in south-western France, show only slight (but nevertheless significant) genetic differentiation from Hungary/Italy, but major differentiation from Spain (Fig. 3) . The only populations in northern Europe to show more substantial differentiation from Italy and Hungary are those in Germany, north-central France, and the Low Countries. These form a clade with high bootstrap support ( Fig 5) , and experience lower estimated gene flow with Italy and Hungary (pairwise F ST 0.108 and 0.083, respectively) than populations in western or southern central France (Fig. 3) . The sharpness of the spatial transition from populations with Iberian affinities to those closer to central and eastern Europe is striking. Populations in north-western France, and north of the central Pyrenees (Auch, Agen and Toulouse) are all substantially differentiated from sites at the west of the Pyrenees (F ST = 0.22 -0.23) (Fig. 3) . While French populations north of the central Pyrenees show little apparent gene flow with Spain (F ST = 0.29), those at the west of the Pyrenees are closely allied to Spain (F ST = 0.025). The differentiation is due mainly to abrupt changes in the frequency of several regionally private alleles, illustrated along a south-to-north series of sites in Fig. 6 . In particular, allele 2 at αGPD1 falls from a high frequency (60 -80%) in Spain and south-west France to zero at sites less than 100 km to the north.
Analyses of mitochondrial DNA (mtDNA) sequence data
Of the 433 bp in the amplified fragment of cytochrome b, 375 were constant across all sequences. Of the 58 variable Fig. 6 Changes in the frequencies of three regionally private alleles indicating the genetic division between western and eastern gene pools in Andricus kollari. Sites are organized from south to north in a transect running from the extreme south of Spain to the channel coast of France (see Fig. 2 for locations).
sites, 35 were informative in parsimony reconstruction. The 27 individuals sequenced yielded 20 haplotypes (Table 2) .
Relationships between the eastern and western native distributions.
Both tree-building approaches generate best fit trees with the same topology (Fig. 7) , with the four Spanish sequences placed as a monophyletic clade within a paraphyletic group of eastern distribution sequences. This nesting of western within eastern distribution sequences is not, however, supported by bootstrap analysis (Fig. 7) . While four lineages retain high bootstrap support (one contains the Spanish sequences, one contains the two Turkish sequences, and the remaining two contain sequences from Italy and Hungary), it is not possible to say whether eastern or western lineages are closer to the outgroup. If the HKY + G + I model is assumed, the level of sequence divergence between eastern and western distribution sequences ranges between 4.0 and 10.4%, close to that observed among the eastern lineages of 4.1-7.4% between any two of Ruffeno (Italy), Antalya (Turkey) and Gödöllõ (Hungary). If we use an estimate of the rate of mitochondrial sequence divergence, based on insects and other invertebrates, of 2.3% per million years (Brower 1994) , these four lineages diverged from each other between 1.75 and 4.5 million years ago. Use of Kimura 2-parameter distances (a simpler model rejected for our data by the Modeltest program) gives a sequence divergence between the four lineages of 2.8-3.8%, and an estimated time since divergence of between 1.2 and 1.6 million years, still long before the end of the Pleistocene.
Postglacial range expansion by A. kollari. Sequences from sites north of putative glacial refuges fall into three of the four lineages established for the native range sequences. For both ML and MP methods, all sequences from sites in northern France lie within one of the two lineages containing sequences from Italy and Hungary (left-hand figure, Fig. 8 ), while sequences from south-west France cluster with those from Spain. Thus, the DNA results agree with site groupings on the basis of allele frequency data. Although this larger dataset again suggests that eastern sequences may be basal to western sequences (left-hand phylogeny in Fig. 8 ), bootstrap analysis shows membership of the main lineages to be only weakly supported for some northern French sequences, and the branching order of the main lineages is unresolved (right-hand phylogeny in Fig. 8 ). Similarity between Spanish sequences and those from south-western France remains strongly supported. Thus, addition of further sequences does not improve our ability to infer which lifecycle is ancestral and which derived.
Can eastern and western A. kollari hybridize?
Although the genetic transition between eastern and western distributions in south-western France is relatively abrupt (Fig. 6) , allozyme data identified no hybrids near the contact area, and no hybrid zone. Only a single individual (from Mortain, north-west France) could be identified as a likely hybrid on the basis of allozyme data. This individual possessed alleles diagnostic of both east and west, combining allele 2 at αGPD1 (diagnostic of the western distribution) with allele 6 at 6PGD (diagnostic of the eastern distribution). A further three individuals from north-west France (one from each of St. Malo and Forêt de Crécy, and a second individual from Mortain) also possessed allele 2 for αGPD1. If we assume that this allele evolved only once, these individuals must be the result of long-range gene flow from the western distribution. The western distribution alleles could be present either in the offspring of purely Spanish immigrants, or in hybrids. Two possible hybrids (the two individuals from Mortain) were sequenced for the cytochrome b fragment. Each possessed a haplotype (numbers 13 and 14, Table 2 ) indicating origin in the eastern distribution. Because their haplotype is maternally inherited, these individuals must have acquired their western distribution αGPD1 allele by mating of a western distribution male with an eastern distribution female.
Discussion
Genetic relationships among native range populations of Andricus kollari
Allozyme and DNA sequence data suggest that eastern and western distributions of Andricus kollari have been Fig. 7 Relationships, based on cytochrome b sequence data, among eastern and western distribution Andricus kollari. The left-hand cladogram represents the strict consensus of the two shortest trees generated using maximum parsimony in paup (length 69 steps, CI = 0.797, RI = 0.816). The best tree generated using maximum likelihood has almost exactly the same topology (-log likelihood = 902.4), with reversal of the relative positions of two clades (one containing Godollo and Greve, the second containing the two sequences from Ruffeno). The right-hand phylogram shows the majority rule consensus tree for 100 bootstrap replicates generated by maximum likelihood (-log likelihood = 903.93). Maximum parsimony returns an identical bootstrap consensus tree (length 75 steps, CI = 0.733, RI = 0.737). Numbers on the cladogram are bootstrap percentages, for maximum parsimony above the branch and maximum likelihood below.
genetically separated for a substantial period of time. Both regions contain private allozyme alleles, and each consists of a mutually exclusive set of cytochrome b haplotypes. It is probable, therefore, that the Iberian peninsular has acted as a discrete glacial refuge for several glacial cycles prior to the present interglacial. The small number of sequences sampled to date further suggest that three lineages diverged in the eastern distribution at approximately the same time that Iberian populations became isolated, perhaps corresponding to simultaneously isolated refugial populations in Italy, the Balkans and Turkey. The complete separation of mtDNA lineages between east and west suggests greater genetic subdivision than is suggested by F ST values calculated from allozyme data. While this difference may in part be due to the difference in sampling effort between mitochondrial and nuclear markers, it may also reflect the larger effective population size, and longer coalescence times, of nuclear alleles relative to mitochondrial markers. This means that allozyme alleles common to both regions (which tend to reduce F STbased estimates of differentiation) may represent ancestral polymorphisms retained in both regions, rather than the results of contemporary gene flow.
Population genetic evidence for the generality of a sexual generation in the lifecycle of A. kollari
Many European oak gallwasps appear to lack sexual generations in their lifecycle (Ambrus 1974; Nieves-Aldrey 1987; Csóka 1997) . In most cases, inference of a purely parthenogenetic lifecycle is due to ignorance of any sexual generation, rather than demonstrated persistence of purely parthenogenetic reproduction. Painstaking rearing experiments have shown that the asexual generation of at least one oak gallwasp, A. quadrilineatus, includes both females able to give rise directly to a second generation of parthenogenetic females, and females giving rise to a sexual generation (Folliot 1964) . Such intraspecific variance in reproductive mode makes it possible that a species that has a sexual generation in one part of its range could lack it in another (geographical parthenogenesis). Geographical parthenogenesis has been proposed for three oak gallwasps (Yasumatsu 1951; Bailey & Stange 1966; Abe 1986) , and is known to occur in rose gallwasps (Stille 1985a,b; Plantard et al. 1998 Plantard et al. , 1999 . Though geographical parthenogenesis was proposed as a possibility for Iberian A. kollari , allele frequency data for Spanish populations strongly support Pujade-Villar's (1991 conclusion that A. kollari has a sexual generation in Iberia. Many other gallwasps are known only from asexual generations, and application of a similar population genetic approach should reveal which are true purely parthenogenetic species, and which are half of a cyclically parthenogenetic lifecycle (Atkinson 2000) .
Which lifecycle is ancestral?
A taxonomically diverse set of gallwasp species in the genera Andricus, Callirhytis, Neuroterus and Synophrus exploit Quercus cerris in the east and Q. suber in the west (Trotter & Cecconi 1904; Dalla Torre & Kieffer 1910; NievesAldrey 1987 NievesAldrey , 1992 . This raises two general questions. First, which represents the ancestral sexual generation host for each of these species? Do they share a common ancestral host? Second, did the shifts from one host to another occur at more or less the same time for the whole set, perhaps driven by a common set of circumstances, or have they occurred at different times in different species? Our analysis of A. kollari is a first step towards answering these broader questions of the origin of host association in oak cynipids.
Our cytochrome b data cannot resolve which of eastern or western distributions gave rise to the other. Although both MP and ML analyses suggest that Spanish cytochrome b sequences are derived with respect to an eastern distribution ancestor 8) , there is no bootstrap support for this conclusion. What is clear is that lineages currently associated with Q. suber and Q. cerris diverged 1-2 million years ago, and thus the host shift, whichever its direction, may be relatively ancient.
An alternative approach to the question of which sexual generation host is ancestral is to take a phylogenetic view of the occurrence of Andricus lifecycles involving the two oak species. At least five host-alternating Andricus species have a sexual generation on Q. cerris where this oak is native. Three are members of a single closely related clade (A. corruptrix, A. kollari, and A. lignicola) , while two are members of more distantly related species groups (A. quercuscalicis and A. gemmea) Cook et al. 1998) . Of these six, only two (A. kollari and A. gemmea) are found in Iberia. In contrast, no host-alternating Andricus species are yet known that are restricted to Iberia. Taken at face value, this distribution would suggest that host alternation evolved in the native range of Q. cerris, followed by a host shift to Q. suber by one (or possibly two) species. However, this pattern may merely reflect a lack of knowledge of lifecycles in Iberian cynipids, and further work on this issue is required before conclusions can be drawn.
Origins of populations of A. kollari north of glacial refuges
Allozyme and sequence data show that populations north of the Pyrenees, Alps and Tatras are divided into two sets. We suggest that these sets are probably associated with escape from refuges on two different timescales.
Populations in south-western France. Populations in the extreme south-west of France are genetically indistinguishable from Spanish populations, sharing the same private allozyme alleles and cytochrome b haplotypes. This region of south-west France corresponds closely to the distribution of Q. suber at the western end of the Pyrenees (Fig. 1) , and is compatible with a dependence of western distribution A. kollari on this host. As described above, Q. suber occupied a refuge in Iberia during the last glacial period, and populations in southern France are the result of natural range expansion from Iberia following retreat of the ice. Because the level of sequence divergence between Iberia and the other refuges suggests divergence long before the current interglacial, A. kollari has probably been associated with Q. suber in Iberia for multiple glacial cycles. Therefore, populations of A. kollari in south-western France probably represent the results of natural postglacial range expansion by Iberian A. kollari already dependent on Q. suber, 8000-10 000 years ago. The northern limit to this range expansion was probably imposed by the inability of Q. suber to spread beyond the geographical limits of the hot humid or subhumid Mediterranean climates it requires (Camus 1938) .
Populations across the rest of northern Europe. All other populations in northern Europe show close affinity to populations in Italy and Hungary. Haplotypes from populations in north-western France lie in both of the lineages found in Italy and Hungary, and pairwise F ST values indicate high gene flow to these refuges (Fig. 3) . Exploitation of planted Q. cerris has apparently been entirely by A. kollari migrants from areas in which this oak is the natural host of the sexual generation. This confirms that, as for other oak gallwasps (Stone & Sunnucks 1993; Sunnucks & Stone 1996; Csóka et al. 1998) , any geographical variation across northern continental Europe in available genotypes of section Quercus hosts has not prevented range expansion from eastern refuges.
Are there host races in A. kollari?
If Iberian A. kollari spread into south-western France following natural dispersal of cork oak, they were there for thousands of years before human introduction of Q. cerris and would have been exposed to Turkey oak immediately following its introduction. In contrast, immigrants from the east could only reach south-western France following dispersal across other Q. cerris patches, resulting in a substantial time lag (Stone & Sunnucks 1993) . Despite a head start, western distribution A. kollari have remained restricted to the distribution of Q. suber, suggesting that Iberian asexual generation females may be unable to exploit Q. cerris.
Exploitation of novel Q. cerris requires: (ii) that asexual generation females adapted to location of Q. suber can locate Q. cerris, and receive suitable oviposition stimuli; (ii) that host tissues are located in the narrow time window during which they are developmentally susceptible to gall induction; and (iii) that their sexual generation offspring can successfully induce galls on the novel host (Craig et al. 1993; Brown et al. 1996; Abrahamson & Weis 1997) . Inability of western A. kollari to exploit Q. suber could result from failure in any one of these requirements. The significance of host genotype for gallwasps remains little understood. Studies of oak hybrid zones have shown that hostplant genotypes have major effects on the abundance of specific oak gallwasp species (Boecklen & Spellenberg 1990; Aguilar & Boecklen 1991) , but whether the causes of such variation act before or after oviposition remains unknown. Host races have been demonstrated in at least two gallwasps, one on oaks (Abe 1988 (Abe , 1991 and one on roses (Stille 1985b) . In both systems, host races are characterized by demonstrable divergence in the cues which elicit oviposition. Rearing experiments by Folliot (1964, personal communication) and J. Pujade-Villar (personal communication) suggest that similar divergence has evolved between eastern and western A. kollari. They found that asexual female A. kollari from Brittany (almost certainly of the eastern race) oviposited on Q. cerris, but never Q. suber, while females from Catalonia (almost certainly of the western race) would lay eggs in Q. suber but never Q. cerris. The split between Q. cerris and Q. suber is relatively ancient (Manos et al. 1999) , and the two species may possess quite different profiles of the host secondary metabolites often used by phytophagous insects as host location and oviposition cues (Thompson 1994; Abrahamson & Weis 1997) . As for A. mukaigawae (Abe 1988 (Abe , 1991 , asexual generation A. kollari adapted to one of these hosts may not be able to recognize the alternative host as an oviposition site. Although it has not yet been investigated for A. kollari, it is possible that even were oviposition on the alternative host to occur, gall induction might not be successful.
Hybridization between eastern and western races of A. kollari
Although our data show the two lifecycle races of A. kollari to meet at a relatively clearly defined boundary in southwestern France, we found no individuals in this region combining alleles characteristic of eastern and western distributions. The absence of hybrid heterozygotes despite the high frequency and diversity of refuge-specific private alleles suggests that hybrids are either genuinely rare, or extremely local, or both. Because both eastern and western races share some alleles, allozyme data will underestimate the frequency of hybridization; analysis of haplotype distributions is a far more powerful tool, and is still at an early stage in this system. The identification of two individuals in north-western France with Iberia-specific alleles and mitochondrial haplotypes characteristic of the eastern distribution shows that there is no absolute barrier to introgression. Several aspects of the biology of oak gallwasps, however, may contribute to partial prezygotic barriers.
First, sexual generations of Andricus and of other gallinducers mate as the sexual females emerge from their galls (G. Stone, unpublished data; Stille 1985b; Waring et al. 1990) . Because the sexual generations of the two races of A. kollari develop on different host plants, mating is thus likely to be highly assortative. Host-mediated assortative mating is well-known in phytophagous insects, and among gall-inducers has been demonstrated to contribute to genetic isolation of host races in a japanese oak gallwasp A. mukaigawae (Abe 1991) , and in the the tephritid gall fly Eurosta solidaginis (Abrahamson & Weis 1997) . To overcome such assortment, either: (i) asexual generation females must induce galls on the unfamiliar sexual generation host, and their sexual offspring mate with members of the other race; or (ii) sexual individuals must disperse from Q. cerris to Q. suber, or vice versa, and mate. As discussed above, asexual generation females may be unable to exploit nonfamiliar sexual generation hosts, and dispersal of sexual adults seems a more likely source of hybrids. Although small cynipids can be carried for long distances in aerial currents (Hardy & Cheng 1986; Ros-Farré & Pujade-Villar 1998) , any dispersing sexual adults would still have to recognize and land on the nonfamiliar oak host, and locate a mate.
Second, the sexual generation wasps are very short-lived (less than a week for A. quercuscalicis) and a small difference in the phenology of sexual generation galls on their respective hosts would effectively prevent interbreeding (allochronic isolation). Phenological differences are known to be important in the restriction of genetic exchange between races of other herbivorous insects (e.g. Mitter et al. 1979; Feder et al. 1993) , including an oak gallwasp (Abe 1991) . The phenology of sexual generations of A. kollari on Q. cerris and Q. suber remains unknown, but it is quite possible that they do not overlap.
Given that hybridization occurs despite such considerations, a hybrid zone between the host races of A. kollari may exist in south-western France. The resulting asexual generation females are the first to experience any detrimental effects of interracial matings. Unlike the sexual generation females, which gall the same section Quercus hosts regardless of their refugial origin, the asexual generation females must return either to Q. suber or to Q cerris to lay their eggs. Any host-specific differences associated with host location or oviposition (as suggested by the experiments described above for A. kollari) may be disrupted by hybridization. Even if oviposition does occur, studies in another galling system showed that hybrid eggs either fail to induce galls, or that resulting larvae die at an early stage of development (Abrahamson & Weis 1997) . If there is similarly strong negative selection against hybrid A. kollari, only first generation hybrids are expected. Because hybrids are probably generated only when sexual adults disperse between the two sexual generation hosts, any hybrid zone is expected to track closely those areas in which Q. suber and Q. cerris come into close contact and to have a breadth determined by the dispersal distance of sexual generation females. South-western France is a hotspot of hybrid zones in a range of taxa (Taberlet et al. 1998; Hewitt 1999) . If it exists, this A. kollari hybrid zone would be unusual in that its position can be explained by the postglacial fortunes of the two sexual generation hosts.
Q. suber and Q. cerris are naturally sympatric in Italy (Fig. 1) , and though the gallwasp fauna is generally less well-studied in Italy than it is in either Iberia or the Balkans, A. kollari is present in the area of overlap (Trotter & Cecconi 1904; Dalla Torre & Kieffer 1910) . This raises the question of whether the sexual generation of A. kollari might also be found on Q. suber in this region. The limited data we have on Italian A. kollari link populations from the north of this refuge with the Balkans, but the lifecycle and genetic make-up of populations in the south remains completely unknown. Q. suber populations in North Africa and Italy are thought to have been derived by range expansion from an Iberian refuge one or more interglacial periods ago (Reille et al. 1996; Toumi & Lumaret 1998) . If the eastern and western lifecycles of A. kollari had already diverged by this time, it is possible that western race migrants accompanied Q. suber across Africa and into Italy. Here they would have encountered eastern race populations already exploiting Q. cerris. This raises the possibility of a second, more ancient, contact zone between two host-races of A. kollari in Italy.
